We have studied the higher Rydberg states of the ground exciton in T -shaped GaAs quantum wires with low-temperature photoluminescence excitation spectroscopy under magnetic fields. The peak of the second even-parity Rydberg state appears and grows in intensity at the onset of the one-dimensional (1D) continuum edge under strong magnetic fields. In stark contrast to the ground exciton, it shows significantly low zero-field oscillator strength and a large diamagnetic shift. These characteristic features are attributed to the extremely weakly bound wave function of the second Rydberg state, reflecting the inherent and novel character of 1D excitons that was predicted theoretically.
I. INTRODUCTION
The optical properties of one-dimensional (1D) quantum structures have attracted considerable interest from the viewpoint of fundamental physics and for high-performance device applications. 1 Because of the spatial carrier confinement in 1D structures, the strong Coulomb interaction between conduction-band electrons and valence-band holes causes stable excitons to be formed. 2 Optical transitions are concentrated at the lowest exciton, and the band-to-band absorption is either extremely weak or not observed in the linear absorption spectra. 3, 4 Because the stable exciton plays an important role in determining optical properties, the excitonic structures in various 1D nanomaterials, such as GaAs quantum wires, 5, 6 carbon nanotubes, [7] [8] [9] and Si polymers, 10 have been extensively studied. Recently, remarkable progress has been achieved in high-quality 1D quantum-structure fabrication methods, [11] [12] [13] [14] indicating that a clear and direct observation of excited-exciton states in 1D systems is possible. In particular, 1D GaAs wires fabricated by molecular-beam epitaxy (MBE) offer some advantages for use in optoelectronic devices because of their embedded structures. 15 Numerous studies have been conducted on the excitedexciton states in semiconductor quantum wires. 6, [16] [17] [18] [19] [20] [21] [22] [23] [24] The observed excited-exciton states consist of higher electron and higher hole subbands or different electron and hole subbands. The higher Rydberg states of the ground exciton, consisting of the first electron and the first hole subbands, are indistinguishable from the band edge and other possible excitedsubband transitions because of their small binding energies and broadening. Thus, the higher Rydberg state excitons in GaAs quantum wires with a quantum number n > 1 have never been verified to date. However, the experimental verification of the higher Rydberg state excitons is very important.
Theoretically, peculiar characteristics of 1D exciton structures are predicted to manifest themselves in the form of the stark contrast between the properties of the lowest and higher Rydberg states of 1D excitons. 3, 4 Both the binding energy and the oscillator strength of the lowest Rydberg states are significantly increased as 1D confinement becomes stronger, whereas those of the higher Rydberg states are expected to typically decrease 3 and may show anomalous dependence of 1D excitons on the effective 1D Coulomb interaction strength. 4 Despite their significance in 1D exciton physics, the detailed properties of higher Rydberg state excitons have not been determined experimentally thus far for any of the 1D nanostructures, including carbon nanotubes. In order to gain an insight into the nature of 1D excitons, a direct comparison between the lowest and higher Rydberg states of 1D excitons is needed. Moreover, a better understanding of high-energy exciton states would provide a detailed insight into nonlinear optical processes and multiexciton processes such as quantized Auger recombination [25] [26] [27] and multiple exciton generation. 28, 29 In this article, we report the first direct observation of the higher Rydberg states of 1D excitons using multidirectional magneto-photoluminescence excitation (PLE) spectroscopy at low temperatures, which provides systematic and quantitative access to higher Rydberg state excitons in 1D systems. PLE spectra of T wires show anisotropic magnetic-field dependence, providing direct experimental evidence of T -shaped quantum confinements. These magnetic effects intensify the peaks in the PLE spectra of T -wire excitons and reveal the internal structure of 1D excitons. The second even-parity Rydberg state appeared near the 1D continuum edge, and its intensity increased with the magnetic field. We observed low oscillator strength and a large diamagnetic blueshift for the second Rydberg state, in contrast to those of the exciton ground state. These observations reveal an intriguing contrast between the strongly and weakly bound wave functions of the ground and the higher Rydberg states of 1D excitons. This contrast can be attributed to the inherent characteristics of 1D excitons.
II. EXPERIMENT
Highly uniform 100-period T wires were fabricated by MBE with cleaved-edge-overgrowth and growth-interrupt annealing techniques. 11, 12 Figure 1(a) shows the cross-sectional scanning transmission electron microscopy (TEM) image of a 100 T -wire laser structure. The 100 T wires were formed at 100 T -shaped intersections of 100 period (001) Al 0.07 Ga 0.93 As multiple quantum wells (stem wells) and a (110) GaAs quantum well (arm well). The thicknesses of the stem and arm wells were 14 and 6 nm, respectively. In the first MBE growth on a (001) undoped GaAs substrate, we successively formed a 0.5-μm GaAs buffer layer, a 1-μm Al 0.5 Ga 0.5 As sidecladding layer, a 100-period Al 0.07 Ga 0.93 As/Al 0.35 Ga 0.65 As multiple-quantum-well structure with barrier and quantum well thicknesses of 42 and 14 nm, respectively, a 1.0-μm Al 0.5 Ga 0.5 As side-cladding layer, and a cap layer of 3-μm GaAs. On an in situ cleaved (110) surface of the wafer, we overgrew a 6-nm GaAs quantum well (undoped) followed by a 10-nm Al 0.5 Ga 0.5 As barrier, a 175-nm Al 0.12 Ga 0.88 As optical arm, which acts as an optical core layer, a 0.96-μm Al 0.5 Ga 0.5 As upper cladding layer, and a 10-nm GaAs cap layer; all layers were undoped.
In the PLE measurements, the excitation light from a continuous-wave titanium-sapphire laser was focused to a spot a few micrometers in diameter on the (110) surface of the sample by using a 0.5 numerical aperture objective lens. The sample was mounted onto the cold finger in a He-flow-type cryostat. The polarization of laser light was set perpendicular (E y ) or parallel (E z ) to the T wires for revealing the selection rule of the optical transitions. Photoluminescence (PL) was collected via the same objective lens. A polarizer positioned in a direction normal to the incident polarization reduced scattering from the excitation laser. Polarization-selective PL detections do not alter measured PLE spectral shapes, because PL occurs only from the ground-state excitons in the T wires with a fixed polarization anistropy. To eliminate stray light from intense laser backscattering, we tilted the sample approximately 20
• off normal incidence to the backscattering geometry. The notations for the excitation-light polarizations and applied magnetic-field conditions in this work are shown in Fig. 1(b) .
III. RESULTS AND DISCUSSION
Figure 1(c) shows a typical PLE spectrum of T wires at 10 K in the absence of a magnetic field. The lowest PLE peak at 1.579 eV is assigned to the first Rydberg state of the ground exciton in the T wires, consisting of the first electron and first hole subbands (denoted as E1H1n1). This spectrum has four other PLE peaks at 1.600, 1.604, 1.637, and 1.644 eV. These are also assigned to the heavy-hole excitons in the arm well on the core layer, in the arm well on the cladding layer, in the stem wells, and the light-hole exciton in the stem wells, respectively. 22, 30 The full width at half maximum of the E1H1n1 exciton PLE peak is about 2 meV, indicating the high uniformity of the 100 T wires. The continuous PLE band above 1.590 eV comes from 1D-exciton transitions due to higher hole subbands, higher Rydberg states, and ionized continuum states. These states cannot be distinguished from each other in the absence of a magnetic field. Figure 2 shows the magnetic-field dependence of the PLE spectra of the T wires at 10 K. These spectra were normalized at the E1H1n1 exciton peak. Magnetic fields were applied along the x (B x field, red curves) or y axes (B y field, blue curves), and the excitation-light polarization was parallel to the z axis along the T wires (E z polarization). The PLE structures of the stem wells (arm well) appear to be insensitive to the B x (B y ) field, but the peaks appear due to the Landau levels and their energies blue-shift with an increase in the B y (B x ) field. No significant magnetic-field dependence of the E1H1n1 exciton peak was observed, demonstrating that our magneto-PLE spectra provide direct experimental evidence of 1D quantum confinements, in contrast to magneto-PL spectra. 31 In the PLE spectra, the unique Landau fan diagrams, dependent on the magnetic-field orientations, provide the direct assignment of the peaks to the two quantum wells and T wire with different quantum-confinement configurations.
Figures 3(a) and 3(b) show enlarged views of the magneticfield dependence and the polarization dependence of the 1D exciton in the PLE spectra. The spectra were normalized at the E1H1n1 exciton peak around 1.580 eV. We can clearly observe that the new peak appears at the continuous edge in Fig. 3(a) . The new and the E1H1n1 exciton peaks shift to higher energy with increasing magnetic field. The solid and broken curves correspond to the PLE spectra for E z and E y polarizations in Fig. 3(b) . At 0 T, the PLE spectra (black curves) show strong polarization dependence in the energy region between 1.585 and 1.595 eV, which includes the small peaks at 1.586 and 1.590 eV. Note that for B x = 7 T (red curves), the polarization dependence is almost diminished.
Because it is well known that the polarization dependence of the absorption and PLE spectra in GaAs quantum wires originates from the anisotropy of hole states, 19, 20, 22, 32, 33 the observed polarization-dependent peaks at 1.586 and 1.590 eV are due to the higher hole subbands. By a previous detailed study in comparison with theoretical calculations, 22 the peaks at 1.586 and 1.590 eV at 0 T are assigned to the 1D exciton states formed with the first-subband electron and the secondor third-subband hole (denoted as E1H2n1 and E1H3n1), respectively. Indeed, these contributions are stronger for E y polarizations, which is a polarization for the weakest E1H1 transition. In contrast, the quenched polarization dependence at B x = 7 T indicates that the transitions due to the higher hole subbands, such as E1H2n1 and E1H3n1, are quenched. This suggests that the rigid optical transition selection rules are realized under strong magnetic fields, therefore, all absorption structures at 7 T are not due to the higher hole subbands but due to the E1H1 transition, with E1H1n1 being the most common. Thus, the polarization-independent absorption peak found at 1.593 eV under B x = 7 T is assigned to the next optically allowed n = 2 even-parity Rydberg state of the E1H1 excitons (denoted as E1H1n2+ ) because the n = 2 odd-parity Rydberg state of the E1H1 excitons is optically forbidden. 22 The energy position of second even-parity Rydberg state is in good agreement with theoretical calculation. 22 The second Rydberg state has never been observed experimentally thus far. Figure 4 shows the PLE intensity ratios of the E1H1n2+ peak (filled circles) in E z polarization and the E1H2n1 peak (open circles) in E y polarization to the E1H1n1 peak as a function of B 2 x . As the applied field increases, the ratio of E1H2n1 to E1H1n1 excitons decreases. This indicates that the optical transition selection rules become stricter. In contrast, the ratio of E1H1n2+ to E1H1n1 excitons becomes larger with increasing magnetic field. By a simple model calculation for 1D systems, 34 the magnetic-field-dependent change in the oscillator strength ratio of the second to the first Rydberg state is due to the change in the ratio of the cyclotron energy to the subband energy splitting or the lateral confinement energy. For our study samples, the lateral confinement energy corresponds 085312-3 to the energy difference between the ground exciton in the T wire and that in the arm well. When the cyclotron energy is far smaller than the zero-field subband energy splitting, the oscillator strength ratio shows quadratic dependence with B. However, when the cyclotron energy is far larger than the zero-field subband energy splitting, the oscillator strength ratio shows linear dependence with B. A crossover between the quadratic and linear regimes in the dependence on B field should occur when these energies are comparable.
The experimental result can be fitted by a linear function (dotted line) at B 2 x < 30 and a square-root function (solid line) at B 2 x > 30, as expected by the model calculation. 34 The results suggest that the cyclotron energy becomes comparable to the subband energy splitting at 5.5 T. The cyclotron energy is estimated to be 12 meV at 5.5 T using the following parameters: the reduced mass of electrons and holes μ = 0.042 m 0 , which is obtained by m e = 0.067m 0 and m h = 0.11m 0 . 35 This energy is almost half the lateral confinement energy of 21 meV. Therefore, the observed crossover in the magnetic-field dependence appears to be reasonable. 34 By interpolating the linear function to 0 T, the oscillatorstrength ratio of the E1H1n2+ to E1H1n1 excitons at 0 T is estimated to be about 3 × 10 −2 . This ratio is notably smaller than the ratio 7 × 10 −2 of the second (2s) to the first (1s) allowed Rydberg states in a two-dimensional (2D) quantum well with 6-nm thickness. 36 This comparison between the optically-allowed second-lowest Rydberg states of 1D and 2D excitons demonstrates the first quantitative observation of small oscillator strength of the second Rydberg state of 1D excitons and reflects the nature of the 1D exciton in which the oscillator strength is concentrated in the lowest exciton state. 3, 4 It should be noted that the difference in oscillator strengths among different Rydberg states stems from the difference in the value of the squared wave function for electron-hole relative motion r e−h at the origin r e−h = 0. Therefore, the present small oscillator-strength ratio can be interpreted as demonstrating a remarkable contrast between the strongly and weakly bound wave functions of the ground and the high Rydberg states of 1D excitons.
The peak energies of the E1H1n1 and E1H1n2+ excitons are plotted as a function of B 2 in Fig. 5(a) . The red, blue, and green circles are the data under B x , B y , and B z fields, respectively. The data for the E1H1n2+ exciton at 0 T are excluded from the graph. It is observed that the energy shifts of the E1H1n1 and E1H1n2+ excitons are proportional to B 2 in all magnetic-field directions. These excitons show the anisotropic magnetic-field dependence due to T -shaped quantum confinement. By interpolating the energies of the E1H1n1 and E1H1n2+ excitons to 0 T, the energy difference between the two states is evaluated as 11.4 meV. This result is close to the calculated binding energy of the ground exciton, 13.5±0.5 meV, 37 indicating the weak binding of the E1H1n2+ exciton.
When the cyclotron radius is larger than the exciton Bohr radius, the magnetic-field dependence of the energy shift of excitons E, the so-called diamagnetic shift, is expressed as E = e 2 r 2 /8μB 2 ≡ βB 2 . 38 Here e is the elementary charge, r 2 is the effective area of the excitons in the plane perpendicular to the magnetic field at 0 T, and β is the diamagnetic coefficient, which is a positive value. plots the coefficient β, derived from Fig. 5(a) , of each exciton peak as a function of magnetic-field direction. The right ordinate shows the effective exciton size, r 2 derived from the diamagnetic coefficients. The coefficient of the E1H1n1 exciton is 22.2 μeV/T 2 for the B x field, which is smaller than the 2D quantum limit (28.3 μeV/T 2 ), indicated by the gray hatched line. The coefficient of the E1H1n2+ exciton is 41 μeV/T 2 for the B x field, which is larger than the 2D quantum limit. The coefficient of the E1H1n2+ exciton is larger than that of the E1H1n1 exciton in all magnetic-field directions. In particular, the coefficients of the E1H1n2+ exciton are twice as large as those of the E1H1n1 exciton in B x and B z fields. In addition to the polarization dependence of PLE spectra, these features strongly support the assignment that the E1H1n2+ exciton is a higher Rydberg state of the E1H1n1 exciton. Note, r 2 is determined by lateral confinement due to the heterostructure and the exciton's electron-hole Coulomb interaction. The observed difference in r 2 between the E1H1n1 and E1H1n2+ excitons is due to the difference in the exciton confinement. This also provides evidence of the contrast in binding between the ground and the higher Rydberg states of 1D excitons.
IV. CONCLUSION
In summary, we determined the oscillator strength and diamagnetic shift of 1D excitons in T -shaped GaAs quantum wires. The oscillator strength of the E1H1n2+ exciton is 3 × 10 −2 lower than that of the E1H1n1 exciton. The diamagnetic coefficient of the E1H1n2+ exciton is notably larger than that of the E1H1n1 exciton. These results demonstrate the pronounced contrast between the ground and the higher Rydberg states as a unique and inherent characteristic of 1D excitons. Therein, only the ground exciton is strongly bound, while the higher Rydberg excitons are weakly bound.
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